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Abstract
Human Papillomavirus (HPV), is a small circular dsDNA virus with at least 200 different
genotypes; each genotype is identified by at least 10% difference at the DNA level in the L1
capsid gene. Each HPV genotype affects the body in different tissues, either mucosal or
cutaneous. Mucosal HPVs type 16 and 18 are known as high-risk strains, since HPV infection is
the most common cause of cervical cancer and plays a central role in formation of precancerous
lesions. Human immunodeficiency virus (HIV) damages the body’s immune system by targeting
CD4+ T cells. Once CD4+ T cells are infected, the body is unable to recruit a well-coordinated
and well-regulated adaptive immune response. This thesis addresses how a patient’s HPV and
HIV status effects the magnitude of neutrophil infiltration into the cervix, as measured by
analysis of pap smear samples collected from women from Tanzania, Africa. The software of
QuPath and IsListen were utilized to capture and analyze the average neutrophil count in the pap
smear samples. It was found that neutrophil counts in HIV positive samples were significantly
lower than HIV negative samples, suggesting that the presence of HIV infection suppresses
cervical neutrophil recruitment. This information is important to understand how neutrophil
infiltration into the cervix relates to progression of HPV-related precancerous lesions,
particularly in HIV positive patients. These results could help in designing therapeutics to
mitigate cervical cancer development at an early stage.
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Introduction
Human Papillomavirus (HPV), is the most common cause of cervical cancer, that fact
having been established by molecular and epidemiological studies (Castro-Sobrinho, 2016). The
word ‘papilloma’ refers to an overgrowth of epithelial tissue, the thin layer of cells on a woman’s
cervix. This overgrowth is referred as a wart, the most common manifestation of HPV. HPV is a
small circular dsDNA with over 200 types; each type is identified by at least a 10% difference in
nucleotide sequence in the L1 region of the genome. There are around 40 different mucosal HPV
genotypes that may infect the genital epithelial lining during sexual contact (Stanley, 2010).
Around 70% of cervical cancers are associated with the highest-risk strains of HPV 16
and 18 (Clifford, 2005), (Stanley, 2010). Other high-risk HPV viruses are classified as group 1
and include HPV 31, 35, 39, 45, 51, 52, and 58 and are considered as carcinogenic (Burd, 2003).
These high-risk strains are cancerous, because their E6 and E7 oncoproteins induce cells to grow
uncontrollably and irregularly (Lechner, 1994). The E6 gene product degrades the cell’s p53
protein, which normally stops cell replication if the cellular DNA is damaged. The E7 gene binds
and degrades the pRB, a tumor suppressor protein. If an individual’s pRB protein is not working
properly, cells will not undergo apoptosis and will continue through the cell cycle. When cells do
not undergo apoptosis (programmed cell death) they will accumulate additional mutations and
eventually generate invasive cancers.
The Papanicolaou Test (Pap test or Pap Smear) is the most common method to screen for
and diagnose cervical cancer by detecting precancerous and cancerous cells in a woman’s cervix
(William, 2018). A pap smear allows one to observe nuclear abnormalities in epithelial cells
under a microscope. HPV-infected cells are characterized by larger or irregular shaped nuclei

because there is more replicated DNA present in the cancerous cells; therefore, the HPV positive
cells have an abnormally large nuclear to cytoplasmic ratio.
There are different methodologies for classifying the severities of cervical pathology
(Figure 1). The Bethesda system is the most common and up-to-date method, and therefore, we
have used it throughout this research. The Bethesda system categorizes cells into the groups:
Negative for Intraepithelial Lesion and Malignancy (NILM), Low-grade Squamous
Intraepithelial Lesion (LSIL), High-grade Squamous Intraepithelial Lesion (HSIL), Atypical
Squamous Cells of Undetermined Significance (ASC-US), or Atypical Squamous Cells (ASC)
(Schiffman et al, 2013). NILM refers to cells without nuclear abnormalities and are considered
normal (Figure 2). LSIL cells are slightly deformed or have slight increases in nuclei size (Figure
3). If a cell has atypically large nuclei, they are classified as HSIL (Figure 4). The terms ASC-US
and ASC are used to refer to pap smears that may appear ambiguous because they contain nuclei
on the verge of either NILM, LSIL, or HSIL.
Human immunodeficiency virus (HIV) is strongly correlated to an increased risk for
secondary infection by viruses or bacteria. Therefore, it is not surprising that the severity of HPV
infections and pathogenesis is correlated with HIV status. HIV-1 contributes to HPV-dependent
tumorigenesis indirectly by suppressing the immune response against HPV gene products
(Williamson, 2015). HIV infects CD4+ T cells, compromising the adaptive immune response.
Once CD4+ T cells are infected, recruitment of B cells and neutrophil responses is dysregulated.
HIV infection also causes a change in the B-cell repertoire, such that resulting antibodies to HPV
products are not effective, which allows dysplasia to progress (Marais et al, 2009).
In order to combat microbial and viral infection, the innate immune system responds to
specific patterns of pathogens, leading to recruitment of neutrophils to the cervix. Neutrophils

are the most abundant immune cells and serve as convenient indicator of an inflammatory
response. Neutrophils are also commonly observed in PAP smears, in addition to normal and
abnormal keratinocytes. Cervicitis (inflammation and irritation of the cervix) is related to highgrade cervical lesions in oncogenic HPV and is defined by a high concentration of neutrophils in
each microscopic field (Castro-Sobrinho, 2016). When neutrophils adhere to squamous cells,
form aggregates of compact clusters, and have nuclear enlargements and small perinuclear halos,
they are referred to as “cannon balls” or “pus balls” (Bodal et al, 2013), (Figure 7). Adherence of
neutrophils to keratinocytes is likely to be related to a phagocytic response to a foreign antigen
on the surface of the keratinocyte. This paper addresses the effect of HIV upon neutrophil
infiltration into the cervix.

Methods
Procedure for Neutrophil Quantification using QuPath and IsListen Softwares.
The computer software programs, QuPath and IsListen, were used to capture images and
record neutrophil infiltration seen in pap smears of HIV+, HIV-, who were coinfected with
various HPV’s. The pap smear samples were acquired from rural and urban clinics in Bagamoyo,
Chalinze, and Dar es Salaam, Tanzania. All pap smears were graded by trained cytologists
according to the Bethesda cytology system.
An “AmScope MC500” 0.5X microscope camera with a 30.5mm ocular mount was used to
take pictures through a Leica CME microscope. Slides were scanned on a 10x view and stored
digitally. Slides were first surveyed for neutrophil density, prior to capturing images. To ensure
that the quantification of neutrophils was accurate for the entire slide, three separate images were
randomly chosen around the entire slide. Other criteria for image captures were that over 50%

coverage of neutrophils and keratinocytes in the frame. Areas where neutrophils and
keratinocytes were too dense to count were avoided (Figure 6).
After the pictures were collected, the QuPath software was used on the “Brightfield (HDAB)” image setting to calculate the number of neutrophils per unit area. The “watershed
nucleus detection (OpenCV, experimental)” setting set the parameters to achieve maximum
accuracy of quantification. This method calculated the proportion of area in the frame which is
made up of neutrophil nuclei. The median radius was set to ~15 px to correlate to the size of the
neutrophils. The Gaussian sigma was set between 5-10 to combine the neutrophils and to only
count the bilobed neutrophils as one, not two. The open radius was around 20 px, and the
threshold was around 0-0.2. The threshold was adjusted depending on the light intensity and
contrast of the picture (Figure 7). To account for undetected neutrophils or mistakenly counted
keratinocyte nuclei, the “wand tool” and “brush tool” were used respectively.

PCR HPV detection process
The HPV types were verified by an allele-specific PCR assay of the patient’s DNA
sample. The starting point for DNA synthesis, or primers, were specific to the HPV types of 6,
11, 16, 18, 30, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 66. This allowed for an accurate
genotyping of the HPV samples (Samwel et al. 2019).

Pap Smear Cytological Analysis
The samples were collected and examined for nuclear abnormalities and evaluated on
different stages of HPV progression based on the size and shape of the nuclei. The rates of
cervical dysplasia (development of abnormal cells in the cervix) were evaluated by the Bethesda

system of classification for cytopathology according to the cells’ nuclear morphologies. The
slides were categorized as Negative for Intraepithelial Lesion and Malignancy (NILM), Lowgrade Squamous Intraepithelial Lesion (LSIL), High-grade Squamous Intraepithelial Lesion
(HSIL), Atypical Squamous Cells of Undetermined Significance (ASC-US), or Atypical
Squamous Cells (ASC).
In order to achieve accuracy and consistency, pap smears were read by three independent
readers and the results were averaged. Comparison between multiple readers improved the
reliability of the result. The results of the pap smears were compared with neutrophil
quantification results.

Results
This study analyzed 154 patient samples, of which, there were 39 HIV positive (HIV+)
and 115 HIV negative (HIV-) (Figure 8). There were many different genotypes of HPV seen in
across the samples. HPV 33 and HPV 16 were the most common genotypes. HPV 16 made up
27% of the HIV- genotypes and 22% of the HIV+ genotypes. The HPV 33 attributed to 32% of
the HIV- samples and 25% of the HIV+ (Figure 9). Samples Negative for Intraepithelial Lesion
and Malignancy (NILM) had the highest average ratio of neutrophils to keratinocytes and the
Atypical Squamous Cells of Undetermined Significance (ASC-US) had the lowest (Figure 10).
There was an increased cellular abnormality in HIV+ samples when compared to HIV- samples.
This is seen in the higher percentage totals of HSIL and ASC-H readings in the HIV+ samples
(Figure 11). Lastly, the relative neutrophil count per cytology grade was lower in HIV+
individuals showing a decrease in pap smear neutrophil count (Figure 12).

Discussion
In this study, HIV, HPV, and other demographic factors were evaluated in relation to
neutrophil infiltration into the cervix. Neutrophil infiltration was measured directly by cell
counts on pap smears taken from patients. We found that HIV infection suppresses cervical
neutrophil density, meaning that in HIV+ patients, there were fewer neutrophils accumulated.
Understanding how HIV affects this process is vital in order to develop new treatments that
allow restoration of neutrophil function and hopefully reduce progression of cervical dysplasia to
cancer.
Figure 11 shows that the HIV+ patients have a higher rate of HSIL and ASC-H, meaning
that the HIV+ individuals are more likely to have higher cervical grade lesions. Figure 10 shows
a decrease in neutrophil to keratinocyte ratio as samples increase in cytological severity. This
combined data supports the idea that neutrophils are critical first responders to pathogen causing
infections and have a role in HIV and HPV protection (Nkwanyana, 2009). The lower numbers
of neutrophils can be attributed to the HIV infection and HPV-related pathogenic effects, and
hence, more severe pre-cancerous lesions.
HIV infection not only leads to high-grade cervical lesions, but also fewer neutrophils
responding to cervical tissue, which may influence secondary infections as well as pre-cancer.
The mechanism which leads to a reduction in neutrophil infiltration may include disruption of
chemotactic signals to which neutrophils respond. Chemotaxis occurs when neutrophils move in
response to a gradient of chemical stimuli, which brings them to the site of infection. With
neutrophil recruitment serving as a major part of the immune system’s first line of defense,
activation of neutrophils and sustained chemotactic signals are critical for normal function to

occur (Nkwanyana, 2009). If neutrophils are not recruited to the site of infection, they will be
unable to function properly and not eradicated pathogens or damaged cells by phagocytosis.
There are many unanswered questions when examining the changes in neutrophil
abundance and function in relation to HIV and HPV. This paper brings up additional questions
about progression of cervical dysplasia in HIV+ patients. Our results show that HIV infection
leads to dysfunction in neutrophil recruitment, but it is still unclear how this occurs. Future
research will focus on additional demographic factors which may co-associate with the poor
neutrophil recruitment found in HIV+ patients. These additional variables include smoking,
drinking, drug use, a history of STDs (including Herpesvirus, Chlamydia, Gonorrhea, Syphilis,
Bacterial Vaginosis), sexual history, nutrition, number of partners, number of pregnancies,
socioeconomic factors, and age.
HIV and HPV are especially prevalent in low to middle income countries (LMICs) that
lack adequate women’s health care, sexual education, advocacy, and awareness. With limited
medical care in LMICs around the world, cancers related to HPV account for 80.6% of cancers
in less developed countries throughout the world (Forman, 2012). It is important for research to
contribute to solving these problems in developing countries in order to improve survivorship of
women who are currently not sufficiently screened for cervical cancer. By analyzing pap smears
of Tanzanian women, we have the opportunity to understand the cervical cancer disease process
in this LMIC. This work will help to develop counter measures to mitigate the burden of cervical
dysplasia in these countries.
The most important solution to HPV is to increase vaccinations rates in LMICs like
Tanzania, these vaccines are not widely available in all LMICs. It is important for women to
have access to treatment and prevention options in order to combat HIV, HPV, and other cervical

cancers, particularly because the cost of treating cervical cancer is much higher than the HPV
vaccination itself.
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Figures:

Figure 1: Terminology of cervical disease categories (Schiffman, 2013).

Figure 2: Slide (11066_a), NILM, HPV-, small nuclei indicate normal cytology.

Figure 3: Slide (11078_b) LSIL, HPV-, small nuclei but slightly larger than NILM.

Figure 4: Slide (11109_b) HSIL, HPV status: 16,33, 39, enlarged nuclei.

Figure 5: Slide (11075) Cannonball cell, neutrophils surrounding keratinocyte.

Figure 6: Example of an acceptable slide for digital capture and analysis (ISListen).

Figure 7: Quantification of neutrophils using QuPath.
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Figure 8: HIV status of the 154 patient samples analyzed in this study.

Figure 9: Distribution of HPV genotypes as a function of HIV status.
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Figure 10. The neutrophil to keratinocyte ratio as a function to cytological grade.
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Figure 11. HIV+ status is associated with an increase in cellular abnormality.

Figure 12. Neutrophil infiltration into the cervix is reduced in HIV+ patients.

